The use of [3Hlthymidine labeling in combination with various axonal transport tracers has revealed that a subset of migrating neurons in the fetal monkey cerebrum issue axons to the opposite cerebral hemisphere while still migrating to their final positions in the cortical plate. Other cortical neurons with the same "birthdate" (i.e., that underwent their last round of DNA synthesis on the same day) are not retrogradely labeled by tracer injections of the opposite hemisphere. These findings suggest that the cardinal distinction between projection and local circuit neurons may be specified in postmitotic neurons before they acquire their fmal positions in the cortex.
The layer-specific distribution of different classes of projection and local circuit neurons is a striking feature of neocortical organization (e.g., refs. [1] [2] [3] . Although these classes of neurons differ in a number of characteristics including their laminar distributions, transmitter type, response properties, and cellular morphology, the principal feature which distinguishes them is their pattern of axonal projection (reviewed in refs. 2 and 4) . Presently, it is not clear where or when different projection and local circuit neurons become committed to their particular fate. Initial studies using retrovirusmediated gene transfer to label cell progeny indicated that both cell classes originate from the same clone but at different times (5) . However, as shown in the retina, this finding does not preclude the possibility that progenitor cells may have intrinsic developmental programs which are further modified by cell-cell interactions as development proceeds (6) . Moreover, recent retrovirus studies of cortical cell lineage have suggested that pyramidal and nonpyramidal neurons may indeed be derived from different ventricular precursor cells (7) . In the present study we show that certain cell classspecific characteristics appear before a neuron reaches its final position, supporting an early determination of neuronal phenotype (reviewed in refs. [8] [9] [10] .
We studied the development of callosal projection neurons in the prefrontal cortex of fetal monkeys to determine whether migrating neurons can be distinguished by their pattern of axonal projection. To address this issue, [3H]thymidine autoradiography was used to label a cohort of neurons in combination with retrograde axonal tracing methods. The experiments were carried out during midgestation, when prospective layer III neurons, which form both callosal and local circuit connections, are still migrating to their cortical positions. We elected to focus on layer III neurons since previous studies in the adult prefrontal cortex have revealed that nearly 80% ofthe neurons with callosal axons are located in this layer (11) . If neurons extend an axon during migration, the probability of labeling them by injections of the opposite hemisphere should be greatest during this period. The results indicate that migrating neurons display a heterogeneity and that some direct their axons toward a target before they attain their final position in the cortex.
MATERIALS AND METHODS
We used monkeys (Macaca mulatta) of different ages processed with a variety of methods, including [3H]thymidine autoradiography, axonal tracing methods, and doublelabeling paradigms (Table 1) .
Axonal Tracing. Four fetuses between E84 and E104 were exteriorized by cesarean section and the dorsolateral prefrontal cortex of one hemisphere was injected with one or more retrogradely transported fluorescent tracers (FB, DY, RLM) or with HRP (Table 1) . Fetuses were returned to the uterus for a 2-to 10-day survival period, removed by a second cesarean section, and perfused intracardially with 4% paraformaldehyde (fluorescent tracer-injected fetuses) or 1% paraformaldehyde/1.25% glutaraldehyde (HRP-injected fetuses). Frozen sections of the frontal lobes were mounted on glass slides. Sections from HRP-injected brains were incubated with substrate as described (11) . Both HRP and fluorescent dye sections were examined on a Lietz Orthoplan microscope equipped with appropriate fluorescent filters and attached to a computer-assisted x-y plotter.
[3H]Thymidine Autoradiography. To determine the time of origin for layer III neurons of the prefrontal cortex, nine timed-pregnant female monkeys were injected with [methyl- 3H]thymidine at selected gestational ages and their offspring were sacrificed postnatally (Table 1) . Each animal was sacrificed by vascular perfusion with a mixed aldehyde fixative and processed for autoradiography (12, 13) . In addition, a series offour fetuses were injected between E70 and E77 and sacrificed at short intervals ranging between 7 and 28 days to follow the migration of prospective layer III neurons across the cerebral wall. Autoradiograms were examined with darkfield illumination to locate all labeled cells. Individual cells were classified as heavily labeled if the number of silver grains over the nucleus was greater than 50%6 ofthe maximum grain count observed in a given specimen ( Fig. 1 injected into the intermediate and subplate zones of the prefrontal cortex. The fetus was returned to the uterus for an additional 6 days and then perfused with 4% paraformaldehyde/0.1% glutaraldehyde. The brain was removed and frozen-sectioned at 40 um. Sections were mounted directly onto slides and a subset were coated with NTB-2 emulsion and exposed at -15°C for 10-14 weeks. Following photographic development of the emulsion-coated slides the sections were examined to determine whether tracer-labeled callosal neurons had silver grains over the nucleus. RESULTS Time of Origin for Layer Ill Neurons. In order to establish the optimal period for studying callosal projections of migrating neurons in the prefrontal cortex, it was necessary to obtain detailed information on the time of origin as well as the rate and period of migration for layer III neurons. In the two monkeys exposed to [3H]thymidine at or before E62 (E50 and E62), labeled neurons were found predominantly in layers IV, V, and VI. For example, in the E62 fetus, labeled neurons were concentrated in a band spanning layer IV and the upper portion of layer V ( Fig. 2A ). In the two monkeys exposed to
[3H]thymidine at E70 and E75 and sacrificed postnatally, labeled neurons were focused in layer III. An example of the pattern of labeling during this period is illustrated by the restriction of radiolabeled pyramidal (projection) and nonpyramidal (local circuit) neurons to the lower half of layer III in the E75 fetus (Fig. 2B ). Injection of [3H]thymidine 5 days later resulted in a pattern of labeled neurons which was restricted to layer II and its border with layer III (Fig. 2C ). Beyond E102 (E102 and E120), labeled neurons were not present in any cortical layer. On the basis of these results we concluded that the majority of layer III neurons of the prefrontal cortex are generated over a 2-week period between E70 and E85.
The rate of migration for neurons destined to occupy layer III was determined by injecting four pregnant female mon- (Table 1) . In each case, bipolar migratory neurons overlaid with dense silver grains were found in the cortical plate, subplate, and upper portion of the intermediate zone. However, the number of radiolabeled neurons in each of these regions varied according to the age of the fetus and time interval between injection and sacrifice. Thus, the fetus exposed to [3H]thymidine at E70 and sacrificed 14 days later had the greatest number of labeled neurons in the cortical plate just below the marginal zone (Fig. 3A) . In contrast, after a similar 14-day survival period for the fetus exposed to [3H]thymidine at E77, labeled neurons were more uniformly distributed over the cortical plate, subplate, and upper intermediate zones (Fig. 3B) (Table 1) .
Examination of cortical sections from the two fetuses injected with fluorescent tracers at E84 and E89 revealed neurons throughout the cerebrum of the contralateral hemisphere. The greatest number were distributed in a wide band covering the middle and deep portions of the cortex, i.e., prospective layers V, VI, and lower III (Fig. 3C) (18) . Second, the sharp reduction in the density of callosal neurons in the subplate and the infragranular layers between E84 and E104, in combination with an increased density of neuronal labeling in layer III in the E104 cases, raises the possibility that callosal neurons which were present in subcortical positions in younger specimens complete their migration and then occupy positions in layer III by E104. To provide direct evidence for this possibility a fetal monkey was injected with [3H]thymidine at E74 and E76 via the placental circulation, and subsequently, the prefrontal cortex of one hemisphere was injected with fluorescent tracers during intrauterine surgery at E84.
Consistent with the results of the single-label cases described above, the cerebral wall of the double-labeled fetus contained many neurons which were singly labeled with either [3H]thymidine or retrograde tracer and were distributed among all cortical layers, the subplate, and intermediate zones. However, a smaller number of neurons were also colabeled with both [3H]thymidine and retrograde tracer (Fig. 4) . These neurons were most prominent in layers III-IV of the cortical plate, but small numbers of double-labeled neurons were also found in layers V and VI, as well as in the subplate and intermediate zones below the cortex.
The presence ofdouble-labeled neurons in the intermediate and subplate zones and in infragranular cortical layers provides direct evidence that some migrating neurons extend axons into the opposite hemisphere. We can rule out the possibility that these double-labeled cells are transient subplate neurons which also project to the opposite hemisphere (19) , since subplate neurons in the monkey are generated between E38 and E43 (20) 
DISCUSSION
Phenotypic Expression of Migrating Neurons. The present study provides direct evidence that some cortical neurons may be specified to project an axon to the opposite hemisphere before they reach their final cortical position. Although more direct, this finding is congruent with results of earlier studies which suggested that neurons may be specified to a basic pattern of axonal projection before attaining appropriate cortical positions. For example, when the migration of neurons destined for layer V is arrested near the ventricular surface by ionizing radiation, some of these ectopic neurons acquire pyramidal-like morphologies and project axons into the spinal cord as they would if they completed their migration to layer V (21) . Similarly, cortical neurons in the reeler mouse which acquire inappropriate radial positions due to faulty migration nevertheless develop appropriate morphologies and patterns of extrinsic connections based upon their time of origin (22) . Finally, when ventricular cells destined for infragranular cortical positions are transplanted into the ventricular zone of a host ferret during the time of supragranular neuron proliferation and migration, the transplanted neurons assume infragranular laminar positions as they would in the donor (23) . Furthermore, retrograde tracing experiments in these same animals have revealed that some transplanted neurons project to the lateral geniculate nucleus, consistent with the pattern of axonal projection expected for neurons in infragranular cortical layers. Thus, commitment to a particular pattern of axonal projection may be specified shortly after the last cell division, a view which is consistent with recent data indicating that cells of multiple axonal phenotypes may arise from different precursor cell populations (7) .
The expression of phenotypic characteristics prior to the completion ofmigration has also been observed in subcortical systems. For example, neurons of the substantia nigra contain dopamine while migrating to their final destination in the midbrain (24, 25) . Likewise, cholinergic neurons of the basal forebrain display choline aceytltransferase while still in the ventricular zone during proliferation (26) . A population of progenitor cells in the olfactory placode expresses luteinizing hormone-releasing hormone (LHRH) mRNA, as does a subpopulation of cells migrating from this region to their final destination in the forebrain (27, 28) . In retina, ganglion cells begin to grow as they migrate (29), and amacrine cells express cell-specific markers while still retaining a connection with the ventricular zone (30) . Finally, cells with morphological and ultrastructural features of migrating neurons in the intermediate and subplate zones of the fetal monkey express y-aminobutyric acid (31) and type A y-aminobutyrate receptors (32) . Thus, the onset of some level ofearly differentiation in a number of systems supports the notion that migrating neurons of the cerebral cortex might also contain information about individual and species-specific characteristics of cyto-, chemo-, and synaptic architecture (10, 33) .
Timig of Axogenesis. The present results provide data on the onset of axogenesis and help to resolve the time course of axonal elaboration. Several studies had suggested that axogenesis may be a relatively late event in neuronal development, occurring only after neurons have completed their migration (34, 35) . Subsequent serial-section reconstructions of cells in the intermediate and "subcortical plate" layers have suggested that migrating neurons have axons (36) . However, that study could not discriminate between transient, nonmigratory, subplate cells (20, 37) (38) and neurons of this layer are generated over several weeks. Second, in addition to projections to the opposite hemisphere, neurons of layer III also send axons to a number of cortical areas in the ipsilateral hemisphere. Thus, only a fraction of projection neurons with common birthdates could be expected to be labeled by tracer injections in the opposite hemisphere. Finally, the methods we have employed may significantly underestimate the number of migrating neurons with callosal axons, since only cells with an axon far into the opposite hemisphere can be labeled. Callosal projection neurons with growing axons which had not yet crossed the midline would remain unlabeled. Double-labeled neurons below the cortex were present only in regions of the subplate and/or the superficial portions of the intermediate zone. The absence of such cells in lower portions of the intermediate zone suggests that axons of migrating layer III neurons reach the opposite hemisphere in the later stages of migration. One possibility is that neurons are elaborating axons as soon as they leave the ventricular zone, but that the time required to reach the opposite hemisphere limits the ability to detect these neurons early in migration. Another possibility is that axonal growth depends on a time lapse since the last cell division. Thus, earlygenerated neurons may begin axogenesis at the end or completion of their short migration, while later-generated neurons with longer durations of migration may elaborate an axon at a comparable postmitotic time, but before the neurons have reached their destination. For example, the doublelabeled neurons situated in the subplate and intermediate zones were still in the process of migration [14] [15] [16] days after their last division. It would be of interest to determine whether neurons with shorter migration periods, such as those of layers V and VI, also elaborate axons into the opposite hemisphere during migration. Such data could provide insight as to whether the timing of axogenesis is related to the time of cell origin or to a given stage of neuronal migration.
Finally, the elaboration ofan axon during migration may be important for establishing appropriate patterns of topographic connectivity between cortical areas. For example, radial glial fibers serve not only to guide migrating neurons to appropriate cortical positions but may also provide a mechanism for the growth of callosal axons into appropriate radial positions (K. Kalil, personal communication). The presence of nonsynaptic contacts between the growth cones of these axons and migrating neurons within the same radial unit offers an opportunity for early interaction between these elements (K. Kalil, personal communication). Thus, it may be significant that callosal afferents "wait" in the subplate zone until the completion of neuronal migration (39) . Further, this interaction may not be limited to callosal axons, since the same fascicle may contain axons of other waiting afferents, including thalamocortical projections (18, 40) . Although the mechanism for the selection of glial fascicles for axonal guidance is unknown, one possibility is that temporally limited cues may be provided by potential target neurons which are still migrating along these same fascicles. In this case, the early elaboration of axons by migrating callosal neurons may serve to ensure that they are in a position to respond to these cues when they are available.
